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Abstract 
Phycocyanin (PC) is one of the water-soluble accessory pigments of cyanobacteria 
species, and its concentration is used to estimate the presence and relative abundance of 
blue-green algae. In laboratory experiments PC content and PC/chl-a ratio of four N2-
fixing filamentous cyanobacteria strains (Cylindrospermopsis raciborskii, Anabaena 
spiroides, Aphanizomenon flos-aquae and Aphanizomenon issatschenkoi) were 
determined using Sarada’s freeze-thaw method. However, a strong linear correlation 
was found between the extracted PC and chl-a concentrations (almost stable PC/chl-a 
ratio in 20−100 µg l-1 chl-a) for all strains, but the determination at lower concentrations 
(under 20 µg l-1 chl-a) proved to be uncertain (standard deviation exceeded 10−15%). 
The effectiveness of four selected extraction methods (repeated freeze-thaw method, 
homogenization with mortar and pestle, Ultrasonic and Polytron homogenizer) for PC 
with C. raciborskii was compared. It was found that the extraction efficiency of 
phycocyanin was the highest (of the methods compared) when a single freezing-thawing 
cycle was followed by sonication (25% more yield was extracted than with freezing-
thawing method alone). Applying this combined method to surface water of Lake 
Balaton, there was a good correlation between PC concentration and cyanobacterial 
biomass (r = 0.9714), while the repeated freezing-thawing method found no detectable 
PC content. It has been shown that the sonication method is suitable to measure 
cyanobacteria PC content and to estimate cyanobacteria contribution to total biomass 
for the characterization of natural waters. 
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Introduction 
Phycobiliproteins are pigment-protein, amino-acid storage complexes of cyanobacteria, 
rodophyta and some cryptophytes species, including mainly allophycocyanin (APC), 
phycocyanin (PC) and in some case phycoerythrin (PE) (Williams et al., 1980). 
Phycobiliproteins are located in the supramolecular phycobilisomes on the external 
surface of the thylakoid membrane (Sidler, 1994), and act as major photosynthetic 
accessory pigments. 
Because phycobiliproteins are unique to cyanobacteria and a few eukaryotic 
algae classes, they can be used for the detection of these taxa. Assessing cyanobacteria 
presence or dominance with phycocyanin detection is well known; in situ fluorometric 
field application (e.g. Seppälä et al., 2007), sensitive fluorometric technique (Downes & 
Hall, 1998), remote sensing (e.g. Simis et al., 2005) or in vitro extraction methods have 
been used for cyanobacteria quantification (Sarada, 1999). A number of studies have 
been published on phycocyanin extraction methods and their comparative analyses (Zhu 
et al., 2007, Lawrenz et al., 2011, Zimba, 2012), but there is no standard protocol for 
the maximum extraction of phycocyanin from cyanobacteria cells. Repeated freeze-
thaw and sonication methods are generally used in centrifuged (Patel et al., 2005) or 
filtered samples (Viskari & Colyer, 2003), but homogenization of lyophilized or frozen 
samples with a vortexer (Lawrenz et al., 2011), mortar and pestle (Viskari & Colyer, 
2003) or glass bead (Eisele et al., 2000) are also used. The extraction solution most 
frequently used for extraction is a phosphate buffer in a relatively large concentration 
(0.001 M to 0.05 M) (Furuki et al., 2003), but in some case 90% acetone (Zimba, 2012) 
or lyzozime (Boussiba & Richmond, 1979) is also suitable for cell wall rupturing. In 
these studies, the extraction protocols were followed by spectrophotometric (e.g. Sarada 
et al., 1999), liquid chromatographic, capillary (Viskari & Colyer, 2003) and gel 
electrophoresis (Soni et al., 2006) or single step chromatographic analyses. Most studies 
have dealt with species originating from tropical/subtropical freshwater alkaline lakes 
(Spirulina platensis, Silveira et al., 2007, Furuki et al., 2003), salt water bodies 
(Oscillatoria qudripunctulata, Soni et al., 2006) or marine environments 
(Synechococcus sp., 6301 Yamanaka & Glazer, 1980, Lyngbya sp., Patel et al., 2005), 
but there has been little investigation into PC extraction methods in freshwater. 
The objective of this study was to investigate an adequate, rapid, reproducible 
and cheap protocol for phycocyanin determination in freshwaters and hypertrophic 
reservoirs in order to estimate the relative cyanobacterial biomass. 
 
Materials and methods 
Algae culture and growth conditions 
Cylindrospermopsis raciborskii (Wolosz.) Seenayya et Subba Raju ACT 9605, 
Anabaena spiroides (Kleb.) ACT 9505, Aphanizomenon flos-aquae (L.) Ralfs ACT 
9607 and Aphanizomenon issatschenkoi (Ussatzew.) Proschkina-Lawrenko) ACT 9603 
were grown in batch cultures under 24°C and a 14-10 h light-dark regime. The applied 
light intensity was 40 µM m-2 s-1. 
A modified BG-11 medium (Fe-citrate instead of Fe(NH4) citrate) without 
NaNO3 was used to grow the cyanobacteria species. As the four selected cyanobacteria 
species are able to fix nitrogen, there was no need for an additional nitrogen source in 
the medium. 
 
Volume of extraction solution 
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Different volumes of phosphate buffer (11 ml and 20 ml) were applied to determine the 
optimal volume for the exact phycocyanin measurements. C. raciborskii and A. 
spiroides were used in relatively large concentrations for this study (~ 4000 µg l-1 and ~ 
500µg l-1 chl-a, respectively). 
Extraction methods for phycocyanin determination in laboratory experiments 
Pigment samples were extracted from the same culture of C. raciborskii. The cell walls 
were ruptured using the following methods with 15 ml of 0.05 M phosphate buffer (pH 
= 6.8; containing Na2HPO4 and KH2PO4): 
A. Freezing-thawing method (Sarada et al., 1999): biomass was harvested 
by filtration on GF/C (Whatman) filters and pigment was extracted by repeated (5 
cycles) freeze-thaw cycles. Samples were frozen at − 20 °C and thawed at 9 ± 1°C in a 
water bath (NESLAB RTE 17 Thermo Electron Corporation). 
B. Homogenization with mortar and pestle: the centrifuged (BHG HERMLE 
Z320 centrifuge with 4000 rpm for 10 min.) biomass was homogenized with an ice-
cooled mortar and pestle in five periods. After homogenization, the extract was 
centrifuged. The supernatant containing phycocyanin was measured and the pellet was 
re-extracted with further 5 ml phosphate buffer. Extraction periods were repeated when 
no phycocyanin was detected. The result was obtained after five periods. 
C. Homogenization with an Ultrasonic Homogenizer (Cole Parmer 
Instrument Ultrasonic Homogenizer 4710) with a normal sonication probe, output 5 and 
duty cycle 50%: samples were concentrated with filtration on GF/C (Whatman) filters 
and the cell walls were ruptured by sonication for different times (0; 15; 30; 45; 60; 90 
and 120 s) in three replicates. 
D. Homogenization with Polytron Homogenizer (PT 10-35; 220 V, 50Hz, 
710 W): cells were harvested with centrifugation (4000 rpm for 10 min., with the same 
type of centrifuge) and the collected biomass was homogenized with Polytron for 
different times (0; 15; 30; 45; 60; 90 and 120 s). 
E. Freezing-thawing method combined with Ultrasonic Homogenizer (the 
same device was used as mentioned in method ‘C’): biomass was collected with 
filtration on GF/C (Whatman) filters, frozen at − 20°C and thawed at 9 ± 1°C in the 
same water bath as in method ‘A’. Phycocyanin was extracted by sonication for 
different times (0; 15; 30; 45; 60; 90 and 120 s) in three replicates. 
To purify the extracts from the cell walls, filtration (Whatman GF/C filter) was 
used after digestion (except in method ‘B’). Samples were iced and kept in the dark to 
avoid pigment degradation during extraction methods. A Shimadzu UV-1601 
spectrophotometer was used for PC measurements and the concentration was calculated 
using the equation by Siegelman & Kycia (1978): 
C-phycocyanin (PC) = (A615 - 0.474 * A652) / 5.34.    (Equation 1) 
where: - A615: measured absorbance at 615 nm; 
- A652: measured absorbance at 652 nm. 
Pigment analysis of algae cultures and field samples 
Algae culture 
To determine the PC content of the four selected species, Sarada’s freezing-thawing 
method was applied as the extraction protocol. A series of different concentrations of 
the four investigated cyanobacteria species were prepared by dilution. The chlorophyll-
a concentrations in each series were approximately: 6, 12, 25, 50 and 100 µg l-1. Cell 
walls were ruptured in five freeze-thaw cycles in three replicates. After each freeze-
7 
 
thaw period, the extract was filtered on GF/C (Whatman) filters and PC content of the 
filtrate was measured with the same spectrophotometer and calculated with Equation 1 
(Siegelman & Kycia, 1978).  
Field samples 
Water samples were taken from the surface of Lake Balaton in 2010. After collection, 
water samples were filtered within 1 hour in five replicates and put into 15 ml of 0.05 M 
phosphate buffer (pH = 6.8), then frozen at − 20°C. Phycocyanin concentrations of three 
of the five samples were determined immediately by Sarada et al. (1999). Two 
replicates were stored at −80°C for later pigment determination. Phycocyanin content of 
these two samples was extracted using 15 second sonication after thawing and 
concentrations were calculated with the same equation (Siegelman & Kycia 1978). 
Chlorophyll-a concentrations were measured as in Iwamura et al. (1970) on the same 
day of sampling. A Shimadzu UV-1601 spectrophotometer was used for the 
chlorophyll-a and phycocyanin measurements. 
Counting of biomass/microscopical identification 
Phytoplankton samples were preserved in Lugol’s solution. Algal species were 
enumerated with an inverted plankton microscope (Utermöhl 1958). The wet weight of 
each species was calculated from cell volumes (Németh & Vörös 1986). At least 25 
cells (or filaments) of each species were measured to determine biomass and at least 400 
were counted. 
 
Results 
Volume of extraction solution 
C. raciborskii and A. spiroides cultures were used to determine the optimal volume of 
phosphate buffer required for accurate phycocyanin measurements. It was necessary to 
know how much buffer volume is required for complete pigment extraction, particularly 
in the higher chl-a concentration range (~4000 µg l-1 and ~500µg l-1 chl-a, respectively). 
The applied volumes were 11 ml and 20 ml (Fig. 1). No significant differences were 
found in the maximum extracted pigment concentrations, thus, in further extraction 
experiments the applied volume was 15 ml. This volume is enough for use with the 4 
cm cuvette used in spectrophotometric determination. 
 
Extraction with freeze-thaw (A) method 
A/1 Number of cycles 
Four filamentous cyanobacteria species (C. raciborskii, A. spiroides, Aph. flos-aquae 
and Aph. issatschenkoi) were used to determine the optimal or sufficient number of 
freeze-thaw cycles over a 0−100 µg l-1 chl-a concentration range (Fig.2). The extracted 
PC concentrations reached their maxima after the second freeze-thaw cycle for three 
species (Fig 2a−c) in the range of 20−100 µg l-1 chl-a, and decreased significantly with 
further freeze-thaw cycles. Usually one cycle was enough for the maximum pigment 
extraction under this concentration range for all species. The phycocyanin concentration 
of Aph. issatschenkoi decreased continuously at all concentrations after one cycle. The 
maximum extracted pigment content was achieved after one freeze-thaw cycle, and the 
PC concentration decreased in each subsequent cycle by 25−30%. At similar 
environmental conditions, C. raciborskii had the largest PC concentration (420 µg l-1) of 
the species examined, which is 1.4, 2.95 and 3.69 times larger than A. spiroides, Aph. 
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flos-aquae and Aph. issatschenkoi in the same chl-a concentration range (~ 100 µg l-1), 
respectively. 
A/2 Algae biomass 
To assure the stability and reliability of the freeze-thaw method, changes of PC 
concentration in response to chl-a concentrations were compared. Because PC 
concentration changed with the number of freeze-thaw cycles (Fig. 2), maximum PC 
concentration in Fig. 3 was chosen to correspond with the ideal number of cycles. 
PC/chl-a ratios were almost constant above 10 µg l-1 chl-a for C. raciborskii and A. 
spiroides, but at lower chl-a concentrations the ratios changed with dilution. The degree 
of decrease in the pigment ratio was 6.3% and 9.3% for C. raciborskii and A. spiroides, 
respectively (Fig 3 a, b). Continuous decreasing tendency was found in PC/chl-a for 
Aph. flos-aquae and Aph. issatschenkoi; over the whole concentration range the 
decrease was 50% and 100%, respectively (Fig 3 c, d). At the smallest chl-a 
concentration (6 µg l-1), PC content of Aph. issatschenkoi was undetectable. When 
comparing PC/chl-a ratios for the four selected species (Fig. 3), A. spiroides had 
slightly less pigment ratio (3.5−4) than measured in C. raciborskii, but Aphanizomenon 
species had much lower values. Under these well-defined conditions Aph. flos-aquae 
and Aph. issatschenkoi synthesized approximately equal content of chl-a and PC (R = 
1.4 and 1.2, respectively). 
Increasing standard deviation (SD%, Table 1) was observed at most dilution series with 
decreasing chl-a concentration. This tendency was negligible in C. raciborskii above 20 
µg l-1 chl-a concentration, but below this concentration SD% of pigment determination 
sometimes exceeded 10%. A. spiroides had a similar extraction period for achieving the 
maximum extracted pigment content and had similar determination efficiency to C. 
raciborskii; standard deviation of the freeze-thaw method was almost under 10% above 
25 µg l-1 chl-a concentration. Pigment extraction of Aphanizomenon species was 
reliable at > 50µg l-1 chl-a concentration, but below this the determination became 
uncertain. There was no detectable PC content in several replicates of Aph. flos-aquae 
and Aph. issatschenkoi under 50 µg l-1 chl-a concentration and with repeated extraction 
cycles. Generally, standard deviation increased with increasing number of freeze-thaw 
cycles and decreasing chl-a concentration. 
Other extraction methods (B, C, D) 
All methods were tested from the same culture and biomass of C. raciborskii (chl-a 575 
µg l-1). Our experience suggested the unreliability of the traditional freezing-thawing 
method, so the efficiencies of three different extraction methods (B, C and D) were 
compared using cultures of C. raciborskii (Fig. 4). PC concentrations differed greatly by 
different extraction methods as well as by extraction periods. The lowest extraction 
efficiency resulted when samples were ground by the Polytron Homogenizer (Fig. 4d). 
The maximum pigment concentration was less than 300 µg l-1, which was far less (< 
10%) than the other methods. The effectiveness of freeze-thaw and sonication methods 
(Fig 4 a, c) was much better. At the beginning of the disruptions, increasing 
concentrations with increasing extraction time was observed. Although, concentration 
of extracted PC by freeze-thaw method continuously decreased after the second cycle, 
but significant decreasing was started following only the forth cycle. Extracted PC 
concentration by sonication started to reduce after 90 seconds and yielded 
approximately 25% more pigment content than in the maximum extraction of the 
freeze-thaw method alone. The highest PC concentration was measured (Fig. 4b) after 
the extractions by mortar and pestle, but significant differences were observed between 
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the four replicates. The standard deviation for the mortar and pestle method ranged from 
5−94% at the different extraction periods. Apart from this digestion, sonication gave the 
highest pigment concentrations, and had the lowest extraction time (less than 90 s) and 
standard deviation (2.7%), therefore this method is the best possible within the 
compared methods. 
Combined methods (E) 
On the basis of our observations, the extracted PC content was not reduced greatly using 
only one freeze-thaw cycle as a pre-extraction method. Thus, the freezing-thawing 
method combined with sonication (method E) and extraction of fresh samples with only 
sonication (method C) was compared for the same diazotrophic cyanobacterium species 
(Fig. 5). Chl-a concentrations of C. raciborskii, A. spiroides, Aph. flos-aquae and Aph. 
issatschenkoi were 970 µg l-1, 490 µg l-1, 790 µg l-1 and 1450 µg l-1, respectively. 
Almost the same phycocyanin concentration was measured for three species (Fig 6 a−c) 
in both methods (differences were between 0.10−9.95%), and half the extraction time 
was required for those samples which were frozen at −20°C before disruption. Aph. 
issatschenkoi was the only exception, where the PC content of frozen samples were 
10% lower than those of sonicated fresh samples, and the pigment concentration slightly 
decreased after 15 seconds of sonication with either technique. 
Field samples 
Sarada’s method and the above described combined method were compared in water 
samples from Lake Balaton (5−28 µg l-1 chl-a) (Fig. 6). Significant differences were 
found between the results of the two methods that correspond to results of laboratory 
experiments. There was no detectable pigment content with freezing-thawing method 
after the third cycle, while with the freezing-thawing combined with sonication, PC 
content could be measured in all samples, and a strong correlation (R
2
 = 0.9436) was 
obtained between PC and cyanobacterial biomass. In the summer in Lake Balaton, 
phytoplankton biomass is characterized by the presence of cyanobacteria species, 
including Aph. flos-aquae, Anabaena aphanizomenoides, Aph. issatchenkoi and C. 
raciborskii. The contribution of these algae to the total phytoplankton biomass was 
generally greater than 70%. Usually Aph. issatchenkoi was the dominant cyanobacteria 
species of these, with its contribution exceeding 40% in the considerable part of 
samples (2/3). 
 
Discussion 
During the investigation of PC extraction methods, a volume of buffer was determined 
for C. raciborskii and A. spiroides. According to Simis et al. (2005), 6 ml phosphate 
buffer was enough to achieve maximum extraction in the concentration range of 2−50 
µg l-1. However, this study aimed to clarify whether this method was useful not only in 
oligotrophic lakes, but in hypertrophic, blue-green algae dominated waters. The lower 
value of the selected concentration range in this study (500 µg l-1) is typical in 
hypertrophic reservoirs. It was found that there was no significant difference in the 
extracted PC yield (3.68% and 4.03% for C. raciborskii and for A. spiroides, 
respectively) when using either 11 ml or 20 ml buffer volume, therefore 15 ml buffer 
was applied to further extractions. This volume was also enough for spectrophotometric 
determination. 
In contrast to Simis et al. (2005), experiments with C. raciborskii indicated that 
there is no need for 5−9 freeze-thaw cycles for the complete extraction of phycocyanin. 
Our study agrees with the observation of Sarada et al. (1999) and Zhu et al. (2007), 
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which suggested that 3−5 cycles were enough to achieve the highest extraction 
efficiency. In the experiments of this study, this number of cycle was suitable when chl-
a concentrations of C. raciborskii and A. spiroides cultures were more than 500 µg l-1. 
This chl-a concentration is typical in fish-ponds or hypertrophic reservoirs, but under 
this concentration, less than five cycles were required to reach the highest extracted PC 
content (Fig. 2). Because PC content of cyanobacteria cells depends on the species and 
algae biomass, PC concentrations of the four most common species of blue-green algae 
in Hungary (especially Lake Balaton) were determined. Comparative analyses were 
conducted to determine PC concentration of these cyanobacteria species in response to 
chl-a (Fig. 3). It was found that phycocyanin content depends on species characteristics. 
Under the same conditions, C. raciborskii and A. spiroides synthesized 4.35 and 3.5 
times larger content of phycocyanin than chl-a (Fig. 3), while Aph. flos-aquae, and Aph. 
issatschenkoi built up near equal PC and chl-a content (pigment ratios were 1.4 and 1.2, 
respectively). Usually in the 20−50 µg l-1 chl-a concentration range PC yield can be 
determined using only one freeze-thaw cycle for all cyanobacteria species in this study. 
Based on standard deviations (Table 1) of determination, it was observed that the 
repeated freeze-thaw method was reliable above 20 µg l-1 chl-a concentration of 
cultures. According to PC/chl-a ratios, Aphanizomenon species was more sensitive for 
mechanical disruption than other examined species, their pigment ratios continuously 
reduced with increasing number of freeze-thaw cycles and decreasing chl-a 
concentration. This observation demonstrates the limited applicability of repeated 
freeze-thaw method in lower pigment concentration range. 
Several unique extraction protocols have been described in literature; Sarada et 
al. (1999) reported that the total extracted PC concentration of Spirulina platensis was 
obtained by 3-5 freeze-thaw cycles, depending on whether acid treated or untreated 
samples were examined. Viskari & Colyer (2003) suggested the most effective method 
for PC determination was for cyanobacteria species that were frozen and ground with a 
pestle in a liquid nitrogen frozen mortar. Lawrenz et al. (2011) demonstrated freezing-
thawing and a subsequent sonication proved to be the most efficient extraction method. 
Our experiments resulted in a similar observation as Lawrenz et al. (2011). In this 
study, cell wall rupturing with the Polytron Homogenizer was found to be the least 
effective of all extraction protocols of those compared. The highest PC concentration 
was resulted when cells were homogenized using mortar and pestle, but this method 
was more complicated and time-consuming, and its standard deviation varied greatly 
(between 5−94%). However, the freeze-thaw method proved to be an accurate (SD = 
2.94%), simple and cost-effective method that does not require a special device or 
extraction solution. However, this method is laborious and the number of freeze-thaw 
cycles varied greatly depending on the species and trophic state of the water. Otherwise, 
according to Fig. 3 the freeze-thaw method underestimated the real values, particularly 
in lower concentration range. This was supported by the higher extraction efficiency of 
the sonication method; it was 25% more effective than the repeated freeze-thaw method 
(Fig. 4). Furthermore, sonication is the least time-consuming method; 15−90 seconds of 
sonication time was enough to obtain the highest extraction efficiency. This is an 
advantage when it is needed to rapidly establish the relative content of cyanobacteria in 
the biomass. Downes & Hall (1998) described that the extraction efficiency depends on 
sonication time and power output at the sonication tip, but the required sonication time 
was also dependent upon species characteristics and biomass. In the case of C. 
raciborskii (~1000 µg l-1 chl-a), 1.5 minutes were needed to achieve the maximum 
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extraction efficiency, while Aph. flos-aquae (~500 µg l-1 chl-a), A. spiroides (~800 µg l-
1
 chl-a) and Aph. issatschenkoi required less than 60 seconds. The 15 second sonication 
time for Aph. issatschenkoi (where biomass was close to 1500 µg l-1) also indicated that 
this algae has a high sensitivity for mechanical disruptions. Because phycocyanin 
content did not decrease during the freezing at −20°C (see Fig. 5), one freeze-thaw 
cycle provides a more efficient and rapid extraction, and determination can be realized 
several months after the sampling occurred (6 months at −80°C, as in Lawrenz et al. 
2011). 
In a comparison of the freeze-thaw and the freeze-thaw combined with 
sonication methods in Lake Balaton, a similar conclusion was found to laboratory 
experiments (Fig. 6). No detectable pigment content was found in the field samples with 
the freeze-thaw method after the third cycle, but PC concentration could be determined 
with the combined method. Despite the fact that Aph. issatchenkoi was the dominant 
species in the samples and proved to be the most sensitive to sonication, PC 
concentration was strongly correlated (R
2
 = 0.9436) with cyanobacterial biomass. This 
correlation also supported the reliability and sensitivity of the freeze-thaw method 
combined with sonication at low pigment concentrations. 
According to our observations: 
- Sample freezing allows for later determination of PC concentration, 
- provides a more efficient and rapid extraction,  
- gives a chance to conduct preliminary experiments to determine the 
sufficient extraction time, which depends on species composition and algae 
biomass, which is almost impossible to assess in advance. 
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Table 1. Standard deviation (%) of freeze-thaw method of four cyanobacteria species 
(C. raciborskii, A. spiroides, Aph. flos-aquae and Aph. issatschenkoi) 
Species 
chl-a 
(µg L-1) 
SD% of freeze-thaw method in increasing cycles 
1 2 3 4 5 mean 
Cylindrospermopsis 
raciborskii 
~100 1.99 2.32 7.42 4.76 3.87 4.07 
~50 1.32 4.06 5.76 6.97 3.72 4.37 
~25 5.47 4.81 2.48 2.33 4.55 3.93 
~10 1.80 17.41 1.73 11.68 7.30 7.98 
~5 0.93 13.84 4.97 12.64 12.32 8.94 
Anabaena spiroides 
~100 1.82 1.75 1.39 8.99 5.43 3.87 
~50 4.64 4.21 4.73 11.83 10.83 7.25 
~25 10.56 9.19
a
 5.63 0.88 6.80 6.61 
~10 14.26 4.73 19.32 4.75 16.49 11.91 
~5 2.86 14.28 10.26 69.08
a
 14.65 22.23 
Aphanizomenon 
flos-aquae 
~100 6.57 3.97 12.39 23.44
a
 20.82
a
 13.44 
~50 11.84 17.55 11.35 4.11
a
 - 11.21 
~25 6.14 16.18
a
 4.76
a
 - - 9.03 
~10 20.21 17.47
a
 - - - 18.84 
~5 14.27 - - - - - 
Aphanizomenon 
issatschenkoi 
~100 5.57 5.66 11.02 60.95 - 20.80 
~50 2.62 2.36
a
 1.17 43.43 - 13.32 
~25 14.79 - b - - 18.12 
~10 8.85
a
 - - - - - 
~5 - - - - - - 
a
: Standard deviation (SD) was calculated from two replicates; 
b: PC content was measured in one of three replicates; 
a
, b: PC content in the second and/or third replicates was under the limit of detection; 
-: No detectable PC content found.  
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Fig. 1: Efficiency of the extraction and PC concentration in different buffer volume in 
C. raciborskii (A) and A. spiroides (B). Circle with black line represents 11 ml buffer 
solution and diamond with dotted line marks 20 ml buffer solution. Error bars are 
standard deviations n=3. 
  
Fig. 2: Changes of phycocyanin concentration in response to increasing number of 
freeze-thaw cycles at different chl-a concentrations (A: C. raciborskii, B: A. spiroides, 
C: Aph. flos-aquae, D: Aph. issatschenkoi). Different marks represent different chl-a 
concentrations. Error bars are standard deviations with n=3. 
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Fig. 3: Changes of phycocyanin (PC) and chlorophyll-a (chl-a) concentration and their 
ratios of PC/chl-a (R) in different algae species (A: C. raciborskii, B: A. spiroides, C: 
Aph. flos-aquae, D: Aph. issatschenkoi). Dotted line represents the linear regression of 
PC/chl-a. 
  
Fig. 4: Comparison of the different extraction methods of phycocyanin in C. raciborskii. 
(A: freezing-thawing method; B: grinding; C: sonication; D: homogenization with 
Polytron). Error bars are standard deviations with n=3. 
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Fig. 5: Changes in the extracted phycocyanin concentration during sonication (A: C. 
raciborskii, B: A. spiroides, C: Aph. flos-aquae, D: Aph. issatschenkoi). Error bars are 
standard deviations with n=3. 
  
Fig. 6: Cyanobacterial biomass versus phycocyanin concentration (SD = 1.7%) in Lake 
Balaton. 
 
